Studying the genetic diversity and population structure of natural forest populations is essential for evaluating their ability to survive under future environmental changes and establishing conservation strategies. Pinus koraiensis is a conifer species with high ecological and economic value in Northeast China. However, its natural forests have been greatly reduced in recent years, mostly due to over exploitation and over utilization. Here, we evaluated the genetic diversity and population structure of seven populations of P. koraiensis located throughout its native distribution. A total of 204 samples were genotyped with nine polymorphic nuclear SSR (simple sequence repeat) markers. The results showed high genetic diversity in all populations, with an average expected heterozygosity of 0.610, and the northern-most populations (Dailin (DL) and Fenglin (FL)) showed slightly higher diversity than the other five populations. The level of genetic differentiation among populations was very low (F ST = 0.020). Analysis of molecular variance (AMOVA) showed that only 2.35% of the genetic variation existed among populations. Moreover, STRUCTURE analysis clearly separated the seven populations into two clusters. Populations DL and FL from the Xiaoxinganling Mountains comprised cluster I, while cluster II included the five populations from the Changbai Mountains and adjacent highlands. Our research on the genetic diversity and population structure of P. koraiensis in natural forests of China can provide a basis for the implementation of programs for the conservation and utilization of P. koraiensis genetic resources in the future.
Introduction
Pinus koraiensis Sieb. et Zucc., also known as Korean pine, is an evergreen tree belonging to the Pinus genus and Pinaceae family [1] . It is mainly distributed in the mountainous area of Northeast China, as well as in North Korea, Japan, and Far Eastern region of Russia [1] [2] [3] . P. koraiensis plays a key ecological role as the most important component of natural broad-leaved Korean pine forests, and it is also famous for its economic value, such as the production of good quality timber and edible seeds [4, 5] . However, in recent decades, with the increased demand for timber and pine nuts from P. koraiensis, its natural forests have greatly declined due to excessive harvesting [6] [7] [8] [9] , the original forest has become extremely small, and the genetic resources of the species have been threatened by deforestation. Due to the status of P. koraiensis as a rare and nationally endangered species in China A total of 204 georeferenced tender leaf samples of P. koraiensis were collected from 28 to 30 randomly selected trees in seven different populations, representing most of the distribution area of this species in Northeast China ( Figure 1 ; Table 1 ). The detailed population information and climate parameters of each population are listed in Table 1 . To avoid sampling from closely related individuals, the distance between sampled trees was at least 200 m. All collected samples were enclosed in plastic bags, brought back to the laboratory and stored at −80 • C before DNA extraction. This work was guided by "Observation Methodology for Long-term Forest Ecosystem Research" of National Standards of the People's Republic of China (GB/T 33027-2016). 
DNA Extraction and Microsatellite Genotyping
Total genomic DNA was extracted from the samples using a DNAsecure Plant Kit (DP320, Tiangen, Beijing, China) according to the manufacturer's instructions. A total of nine nuclear microsatellite primers developed for P. koraiensis [22, 23] were selected, as shown in Table 2 , and the forward primers were labelled with a fluorescent dye (FAM or HEX).
Polymerase chain reaction (PCR) was performed in a 20 µL reaction volume consisting of 40 ng of genomic DNA template, 0.3 µM concentrations of each primer, 2 µL of 10× buffer, 0.1 mM dNTPs (TransGen Biotech, Beijing, China), and 1.0 U of Taq DNA polymerase (TransGen Biotech, Beijing, China). Amplification was conducted by the following cycling parameters: Initial denaturation at 94 • C for 5 min, followed by 35 cycles of denaturation at 94 • C for 30 s, annealing for 35 s (for the annealing temperatures see Table 2 ), and extension at 72 • C for 40 s and a final extension at 72 • C for 3 min. Then, the PCR products were run on an ABI 3730XL DNA Analyzer (Applied Biosystems, Foster City, CA, USA), using GS-500 LIZ as an internal size standard. Allele binning and genotyping were performed with GeneMarker version 2.20 (Soft Genetics, State College, PA, USA). Table 2 . Primer characteristics of nine microsatellite markers in Pinus koraiensis. The forward primers were labelled with a fluorescent dye (FAM or HEX) [22, 23] . 
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Data Analysis
Genetic Diversity Indices
Genetic diversity per locus and population was evaluated by using GenAlEx 6.5.1 [24] . The number of different alleles (N a ), the number of effective alleles (N e ), the observed (H o ) and expected (H e ) heterozygosities, and the Shannon diversity index (I) were all calculated. In addition, we calculated allelic richness (A r ), the coefficient of differentiation between pairs of populations (F ST ), and the inbreeding coefficient (F IS ) [25] in FSTAT 2.9.3 [26] .
Correlations between genetic diversity parameters and geoclimatic factors were determined using a Spearman nonparametric correlation coefficient matrix constructed in R version 3.53 [27] . The climatic data (i.e., annual mean temperature (T mean ), maximum temperature of the warmest month (T max ), minimum temperature of the coldest month (T min ), and annual precipitation (Prec)), were extracted from https://climexp.knmi.nl [28] by using each population's longitude and latitude.
Population Structure Analysis
First, a non-hierarchical analysis of molecular variance (AMOVA) (1000 permutations) based on the degree of genetic divergence among populations was performed using GenAlEx 6.5.1 [24] . Next, population structure was analyzed based on Bayesian clustering using STRUCTURE 2.3.4 [29] . The cluster number was set from 1 to 8 (number of populations plus 1), and the populations set as location priors (LOCPRIOR) [29] under the admixture model were used to run the Markov chain Monte Carlo (MCMC) simulation algorithm. The length of the burn-in period was set to 10,000 iterations. The number of MCMC iterations after the burn-in period was set to 100,000, and for each K value the calculation was repeated 10 times. The optimal K value was obtained by the method of Evanno [30] . The 10 runs for the optimal K were averaged by using the programs STRUCTURE HARVESTER and CLUMPP 1.1.2 [31] . After that, a hierarchical AMOVA which was calculated considering the main groups obtained from the STRUCTURE analysis was implemented by the software GenAlEx 6.5.1 [24] .
The statistical significance was also tested using a nonparametric approach described in Excoffier et al. (1992) with 1000 permutations [32] .
Results
Genetic Diversity
In total, 72 alleles were amplified from nine SSR primers across the 204 P. koraiensis samples, with an average of 6.7 alleles per locus (Table 3) . Among loci, observed heterozygosity (H o ) and expected heterozygosity (H e ) ranged from 0.416 to 0.922 and from 0.351 to 0.846, with means of 0.741 and 0.610, respectively. H o was higher than H e at each microsatellite locus. A r ranged from 2.5 (P5) to 11.9 (P45), and the average A r was 6.8 (Table 3) . Meanwhile, the F IS showed negative and significant values at all loci except P62 and P79, and the overall F IS across the nine loci was −0.231 (Table 3 , p < 0.05), indicating heterozygote excess in the P. koraiensis populations. Table 3 . Genetic diversity parameters of number of alleles (N a ), number of effective alleles (N e ), Shannon's index (I), observed heterozygosity (H o ), expected heterozygosity (H e ), unbiased expected heterozygosity (uH e ), allelic richness (A r ), and the inbreeding coefficient (F IS ) for each locus. Significant values are indicated with * (0.01 < p < 0.05). Genetic diversity parameters at the population level are given in Table 4 . Among populations, N a and N e ranged from 5.9 to 7.1 and 3.1 to 3.8, with means of 6.7 and 3.4, respectively. H o ranged from 0.700 to 0.808, and H e ranged from 0.581 to 0.636, with means of 0.741 and 0.610, respectively. H o was higher than H e in each population. For the H o and H e descriptors, the two northern-most populations (Dailin (DL) and Fenglin (FL)) had higher values than the five southern populations, but the difference was not significant. The overall average A r was 6.6, the largest value was observed in the Lushuihe (LSH) population (7.1), and the smallest value was observed in the Kuandian (KD) population (5.8) . Meanwhile, the F IS showed negative and significant values in all seven populations, indicating a slight departure from Hardy-Weinberg equilibrium with heterozygote excess. Thus, the overall genetic diversity in P. koraiensis populations was relatively high, and the northern-most populations DL and FL showed the highest diversity. By comparison, the southern-most population KD showed the lowest level of genetic diversity.
Locus
Genetic Differentiation
We estimated the overall population differentiation degree among seven populations of P. koraiensis, and the F ST was 0.020. This indicated that 2.0% of the genetic variation existed among the seven P. koraiensis populations, whereas 98.0% of the genetic variation existed within populations. In other words, the genetic variation within populations of P. koraiensis was the main source of variation. Pairwise F ST values were very low (0.007 to 0.021), and 10 of 21 pairwise F ST values were significant, which were mainly found in the comparisons of the two northern populations (DL and FL) ( Table 5 ). This result illustrated that the level of genetic differentiation among populations was very low. We performed non-hierarchical AMOVA among and within P. koraiensis populations (Table 6) , and the results showed that the genetic variation among populations was only 2.35% (p < 0.001). Thus, most variation occurred within populations (97.65%, p < 0.001). These results also indicated that the genetic variation in P. koraiensis mainly occurred within populations, and the genetic differentiation level among populations was very low. Table 6 . Non-hierarchical and hierarchical AMOVAs of P. koraiensis populations. Significant values are indicated with * (p < 0.05). 
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Population Structure
The population structure analysis provided additional information on the level of genomic admixture among populations. The results from STRUCTURE showed that at K = 2, ∆K was optimal ( Figure 2) , indicating that the most likely division of P. koraiensis populations included two clusters (Figure 3 ). The KD, LSH, HNH, DHL, and DFH populations were assigned to cluster I (blue, F ST = 0.0031); cluster II (red, F ST = 0.0223) included the two northern-most populations (DL and FL).
Furthermore, a hierarchical AMOVA was carried out according to the two main groups (clusters) obtained by STRUCTURE analysis. The results showed that the molecular variance between groups was 3.62% (p < 0.001), and the majority of the genetic variation in P. koraiensis was located within populations (95.81%, p < 0.001) ( Table 6 ). 
Correlations Between Genetic Diversity Parameters and Geoclimatic Variables
We performed Spearman's correlation analyses between the calculated genetic diversity parameters and geoclimatic variables ( Table 7) . The results revealed no significant correlations between any of the genetic diversity descriptors (N a , N e , I, H o , H e , uH e , A r , and F IS ) and latitude or longitude (p > 0.05), except for H o , which was significantly correlated with latitude. However, some genetic parameters, such as H o , H e , and uH e exhibited significant and negative correlations with the annual mean temperature and annual precipitation variables (p < 0.05), which implied that there were higher genetic diversities in populations that grew in regions with lower temperatures and precipitation. Furthermore, because the temperature and precipitation were highly correlated (R 2 = 0.75, p = 0.012), we performed principle component analysis (PCA, Figure S1 ; Table S1 ) of our climate data to reduce its dimensionality, and the results indicated that the component 1 (PCA1, Figure S1 ; Table S1 ) could explain 88.68% of the variance of the climate predictors. We then calculated relationships between genetic variables and PCA1, which also showed that the H o , H e , and uH e parameters were significant and negatively correlated with PCA1 (p < 0.05). Table 7 . Spearman's correlations between genetic diversity parameters and geoclimatic variables, which were latitude, longitude, annual mean temperature (T mean ), mean temperature of the warmest month (T max ), mean temperature of the coldest month (T min ), annual precipitation (Prec), and the component 1 of principle component analysis of the climate data (PCA1). Significant values are indicated with * (0.01 < p < 0.05) and ** (p < 0.01). 
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Discussion
Genetic Diversity
To the best of our knowledge, this study was the first to use SSR molecular markers to evaluate the genetic diversity and structure of natural P. koraiensis populations in China. Thus, our results provide essential insight into the potential of this species to adapt to environmental changes and could play an important role in future forest management and conservation of its genetic resources.
Our results clearly showed that the level of genetic diversity in the natural populations of P. koraiensis was very high, and the overall H e (0.610) was similar to that in most Pinus species with high levels of genetic diversity when evaluated by SSRs, including Pinus thunbergii (H e = 0.782) [33] , Pinus sylvestris (H e = 0.586) [34] , and Pinus strobus (H e = 0.531) [35] . Although different SSR markers could affect the comparisons, most studies still use H e to compare the level of genetic diversity [33] [34] [35] [36] . The main reason for the high genetic diversity observed in P. koraiensis may be associated with its specific characteristics such as a long life cycle, an outcrossing mating system, wind pollination, and high fecundity [37] [38] [39] . Another factor that may have contributed to the high levels of genetic diversity was the large geographic range, which had large differences in climatic and habitat conditions. Although P. koraiensis are wind-pollinated and have an outcrossing mating system, all seven populations showed highly negative F IS values. We presumed that this result could be due to different causes, such as the fusion of formerly isolated populations, adaptive advantage of heterozygote individuals, or their critical habitat destruction, therefore resulting in non-random mating between individuals within populations.
In addition, for P. koraiensis, the level of genetic diversity in this study was higher than that in previous reports employing other means of detection, such as allozymes (H e = 0.183) [2] , RAPD molecular markers (H e = 0.169) [20] , and ISSR molecular markers (H e = 0.601) [3] . These differences may be due to the different numbers and types of genetic detection technologies used in the studies or to the different populations and biased sample sizes. Meanwhile, we found that the northern-most populations DL and FL had slightly higher genetic diversity than the other populations, which was also different from the findings of Feng [4] and Kim [20] . However, they seem to have low A r values, which suggests these two populations may have experienced a recent bottleneck, as a faster reduction in the number of alleles and a concomitantly slight reduction of gene diversity have been generally observed in recently bottlenecked populations [40, 41] .
Genetic Differentiation and Population Structure
According to Wright [42] , the level of genetic differentiation among populations is low when the coefficient of genetic differentiation (F ST ) is less than 0.25. Our results showed that the genetic differentiation level of P. koraiensis was very low (F ST ranging from 0.007 to 0.021), and the AMOVA results showed that only 2.35% of the total genetic variation occurred among populations, which was consistent with conifers often showing low levels of genetic differentiation among populations [35, 36, 43, 44] . Due to their wind pollination and high out-crossing rates, Pinus species, such as P. koraiensis often exhibit high gene flow among populations [45] [46] [47] and, consequently, a low level of genetic differentiation.
The STRUCTURE analysis clustered the seven natural populations into two main groups, with the two northern populations forming one group and the five southern populations forming another group. The main reason for this clustering might be that the two northern populations (DL and FL), which are located in the Xiaoxinganling Mountains, are the closest geographically and belong to the same range continuum (with the absence of a physical barrier between them), leading to their tendency to cluster together. Meanwhile, the other five populations, which are located in the Changbai Mountains and adjacent highlands, also had barrier-free gene flow and formed another genetic cluster. Furthermore, in this study, the northern populations were collected from regions that had similar climates, and the genetic parameters were significantly and negatively correlated with climatic factors (i.e., T mean and Prec) ( Table 7 ). This implied that geographical and climatic factors could result in strong and discrete genetic differentiation, which has been found in other studies [36, 48] . In addition, human activities might also have an impact on the populations [49, 50] . The northern populations were located in nature reserves, and their habitat was protected and relatively intact; however, the southern region had long been deforested by the activities of local villagers. Nevertheless, based on our data, we conclude that P. koraiensis was differentiated into two groups on the basis of its current population genetic structure.
Implications for Conservation
The main genetic concern in the conservation of an endangered species is to find suitable strategies for maintaining its current genetic diversity and ensuring its long-term evolutionary potential [18, [51] [52] [53] . Therefore, based on the genetic diversity and population structure of P. koraiensis in this study, several necessary approaches should be taken for conservation by the Chinese government. First of all, considering the high genetic diversity of P. koraiensis populations in our study, an in situ conservation strategy should be carried out to protect their habitats, prohibit timber harvesting, and implement sustainable management regimes in order to maintain the genetic diversity of this species. Our results also showed that there are two genetic clusters, so managers should not move seeds between the northern and southern areas if they want to preserve the genetic distinctiveness of the different clusters. Furthermore, some breeding programs such as seed orchards should be established to produce seeds with high genetic diversity, which is another way to maintain the genetic diversity of this species.
Conclusions
Pinus koraiensis is a conifer species of ecological and economic importance in Northeast China which has been excessively exploited in recent years. In order to protect and manage the genetic resources of this important species efficiently, greater knowledge of its genetic diversity and population structure is needed. In the present study, we assessed the genetic diversity and population structure of seven natural populations representing most of the P. koraiensis range by using nine nuclear simple sequence repeats. First, we found that the level of genetic diversity in the natural populations was still high, and the level of genetic differentiation among populations was very low. Second, we detected a genetic population structure and a separation between northern and southern populations. Also, genetic variation within populations followed a geographic pattern. Taken together, our results will inform efforts for the conservation and management of P. koraiensis and provide guidance for future studies of population genetics and breeding programs.
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